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INTRODUCTION
Planting stock is subjected to a rapid
change in environmental conditions when
it is planted out in the regeneration area.
The previous optimal conditions of the nur-
sery are replaced by the field environment.
In addition, during transportation and plant-
ing many types of physiological stress occur.
The development of water stress is common-
ly considered to be the most harmful (cf.
KOZLOWSKI 1966).
The damage to the seedling caused by
these types of stress is visible as a decreased
height increment, loss of the terminal shoot
and in the worst cases as the dying off of
the seedling. Many roots are cut off when
the seedling is taken up from the nursery
bed. The root tips are destroyed to a great
extent during transportation. In addition,
the roots dry out during planting and often
the fine rootlets fail to make good contact
with the soil particles after planting. All
these factors produce a water deficit in the
plant after planting, as it is impossible for
the seedling to take up water in sufficient
amounts. The water deficit will not cease
until new root tips have grown (TRANQUIL-
LINI 1973). Stored carbohydrates are con-
sumed during handling and transportation.
Mechanical damage also occurs during trans-
portation. This interference in the deve-
lopment of planted seedlings is called plant-
ing shock. It clearly has a harmful effect
on the subsequent development of the
seedling stand. Less severe planting shock
may decrease the resistance to disease and
produce serious, complications later on. If
the planting shock is moderate, growth
of the seedlings is reduced and uneven,
thus causing a subsequent reduction in the
yield of the stand. The effect of planting
shock on the development of the seedlings
has been frequently studied through field
experiments. Small plants seems to be more
sensitive to drying out and the development
of Norway spruce after planting is more
reduced than that of Scots pine. Mortality
and the decrease in growth can only be
studied through field experiments. The fact
that such experiments last for several
years produces additional variance in the
results. The effects of planting shock are
often hidden by this additional variance.
Destructive methods are also available for
studies of planting shock. These methods
have, however, the disadvantage that the
continuous monitoring of the same seedling
is impossible. Thus the measurements have
to be carried out by sampling, which gene-
rates excess variance. The results are much
more reliable, however, if the same seedling
is monitored before and after planting in
such a way, that the measurements do not
have any adverse affect on the seedlings.
This is very difficult to do with the conven-
tional methods applied in forest regeneration
studies. Thus new methods are very desirable.
Studies concerning the gas metabolism
and height growth of plants in the field,
especially those concentrated on water de-
ficit stresses have enabled our research
group to adapt the achieved measurement
and data analysis technique to planting
shock studies. The aim has been to study
the self regulation of transpiration, photo-
synthesis and height increment of Scots
pine seedlings stressed by planting. The
difference in the degree of self regulation
has been assumed to reflect planting shock
accurately.
The financial support from the Foundation for
Research of Natural Resources in Finland is ack-
nowledged. We also wish to express our gratitude
to professor Paavo Yli-Vakkuri, Head of the
Department of Silviculture, University of Hel-
sinki for providing the facilities and equipment
for our study.
MATERIAL AND METHODS
All the measurements made in this in-
vestigation were carried out near the
Forestry Field Station of Helsinki University
in Central Finland. The experimental site
was at the edge of a clear-cut area of about
one hectar next to a young stand of Scots
pine (Pinus silvestris L.). The potted seed-
lings used as experimental material were
placed on a 1.2 meter high table.
The experimental material consisted of
eleven five-year-old Scots pine seedlings
of local genetical origin. The plants were
grown for the first three years in the nur-
sery in the same way as plant material
used in reforestation work. At the beginning
of their third growing season they were
transplanted into the open at the nursery.
One year later they were again transplanted
for the present experiment into 7" clay
pots, one in each, using sandy soil taken
from a field.
In the present experiment the plants
had been growing for sith growing season.
In early spring their mean height was 56
cm. They were divided into three treatment
groups. The first one (4 plants) served as
a control group. The plants in it were allow-
ed to grow for the whole season untouched
in their pots. The plants belonging to the
two other treatments were dug out from
their pots and then replanted into the same
pots and soil on May 15 1975. This opera-
tion can be considered to correspond to
normal transplanting in a nursery. The se-
cond treatment group (3 plants) was trans-
planted immediately after classifying and
photographing the bared roots, which took
altogether 1.5 — 2 minutes. In the third
treatment (4 plants) the plants were kept
in the sun with uncovered roots for 20
minutes before planting. During that time
the plants lost about 18 % of their fresh
weight.
The gas exchange, growth and environ-
mental factor measurements made in this
investigation can in principle be divided
into two categories. In the first the measu-
rements of transpiration and photosynthetic
rates and the environmental factors were
Fig. 1. A block diagram of the measuring system.
Control signal (thick line), measurement signal
(medium line) and gas conduction tubing (thin
line). The numbers refer to the following pieces of
equipment: 1. data-logging unit, 2. relay-unit,
3. IRGA-apparatus for H2O, 4. IRGA-apparatus
for CO2, 5. central unit of ELP, 6. summing ampli-
fier, 7. millivolt recorder for the output of URAS
(H2O) and for the difference between dry and
wet temperatures, 8. millivolt recorder for the out-
put of URAS (CO2) and that for one ELP, 9.
potentiometer for temperature measurements, 10.
ice bath, 11. flow meter, 12. membrane pump,
13. compressor, 14. magnetic switch for compressed
air, 15. magnetic switch for gas to be analysed,
16. cuvette, 17. two pairs of thermocouples for
measuring the difference between dry and wet
temperatures, 18. thermocouples for measuring
dry and wet temperatures, 19. apparatus for
measuring wind velocity, 20. KIPP-solarimeter.
monitored with an automatic system. The
second category included the measurements
of daily amounts of transpiration, potential
evaporation and height increment. The data
for the second category was collected ma-
nually.
The automatic measuring system consisted
of several devices which are illustrated in
a block diagram in Fig. 1. The central unit
of the automatic system was a data logger
supplied by Nokia Oy, Finland. It controlled
the system, collected the data and punched
it out on paper tape.
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The following parameters were conti-
nuously (every 100 seconds) monitored:
— photosynthesis (URAS 1)
— transpiration (URAS 2)
— total radiation (KIPP-solarimeter)
— the radiation utilizable in photosynthe-
sis (HARI et al. 1976)
— temperature (three pairs of wet and
dry thermocouples)
Gas exchange was monitored with an
open system using two infrared gas analyzers
(IRGA) connected in series. The first one
(URAS 2) was equipped for measuring
water content of the air and the second one
(URAS 1) for measuring GO2. Before the
air entered the GO2-URAS, water was re-
moved from the gas flow because of its
disturbing effect on CO2-measurements. The
seedlings were sequentially enclosed in trap-
type pneumatically operated chambers or
cuvettes for 100 seconds (Fig. 2). During
that time an air pump sucked air (60 1/h)
from the cuvette through the two URAS-
apparatuses.
Fig. 2. A. A closed cuvette.
B. An open cuvette in which five silicon diodes
of the ELP are visible.
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Fig. 3. Relationship between output of ELP and
total radiation.
The gas exchange measurements were
based on differences in CO2 and H2O con-
centrations inside the closed chamber and
in the ambient air. Altogether 11 cuvettes
were used in the present experiment. In
addition, two channels of the circulating
system were used in monitoring the GO2
and H2O concentrations of the air around
the cuvettes. The aim of this study was not
to study absolute values of photosynthesis
and transpiration. In order to increase the
accuracy of the relative values each seedling
was kept in the same cuvette throughout
the whole measuring period.
Light was monitored with equipment for
measuring light in photosynthetic studies,
called ELP. Photo-voltaic cells (Siemens
BPY 11) were used as light sensors. They
were fixed inside the cuvettes, five in each.
The output voltage in the circuit applied
simulates the response of photosynthetic
rate on light (see Fig. 3). The output voltages
were first summed together in a summing
amplifier. These summed signals, one com-
ing from each cuvette, were transferred
to the central unit of the ELP. The central
unit selected the signal from the correct
cuvette and integrated it during the time
the cuvette was closed. Just before the
cuvette was opened the output of the
integrator was read by the data logger.
This light measuring system has been
especially designed for photosynthetic stu-
dies. It has been thoroughly described and
discussed by HARI et al. (1976).
Acta Forestalia Fennica 161
Besides the ELP, light was also monitored
with a KIPP-solarimeter, which recorded
total radiation. Gopper-constantan thermo-
couples were used for measuring wet and
dry temperature. One of these was placed
in the shade next to the seedlings of the
present experiment. The difference between
readings of the wet and dry thermocouples
was used for estimation of the potential
evapotranspiration rate (HARI et al. 1975).
In summary the automatic measuring
system operated as follows. Each cuvette
in turn was closed for one hundred seconds.
During that time the ELP was simulating
the dependence of the photosynthetic rate
on light inside the closed cuvette and the
air pump sucked air from the cuvette through
the two infrared gas analyzers. At the end
of the period of one hundred seconds the
data was recorded on paper tape and the
next cuvette was closed. The automatically
collected data consisted of wet and dry
thermocouple readings, total radiation, the
output of the ELP and the output of the
two URAS-apparatuses.
Of the measurements carried out manually
the daily amounts of transpiration were
measured by weighing the potted seedlings
once a day to an accuracy of O.i g. To pre-
vent evaporation from the surface of the
pots each pot was enclosed in a plastic bag
which was tightly sealed around the stem
of the seedlings. The seedlings were pro-
tected against rain with a plastic shelter
in order to avoid the disturbing effect of
rain on transpiration measurements. The
water content of the soil was kept near to
field capacity by injecting daily into the
pots an amount of water that equalled the
transpiration loss. The potential amounts
of evapotranspiration were estimated by
weighing a petri dish once a day at the same
time as the seedlings. The petri dish was
kept in the shade beside the wet and dry
thermocouples.
The height increment of the main shoot
of each seedling was measured every day
at 8.00 a.m. to an accuracy of O.i mm. In
order to improve the accuracy, the mea-
surements were carried out by the same
person during the whole experiment. The
temperature readings used in the analysis
of the height increment data were monitored
with a thermohygrograph placed in the
shade.
MODELS FOR TRANSPIRATION, PHOTOSYNTHESIS AND
HEIGHT INCREMENT
The analysis of the measurements is
based on the hypothesis that the metabolic
activities of the plants can be divided into
two different types: 1. plant reactions to
changes in the environment 2. the effect
of self regulation on the reactions of plants,
i.e. the internal control of gas metabolism
and growth. An attempt is made to sepa-
rate the two effects from each other in
the analysis of the data. Planting affects
the degree of the self regulation of the
plant. The magnitude of the change in the
degree of the self regulation is a measure
of the planting shock.
Metabolic rates (photosynthesis and trans-
piration) and the daily values of integrals
of metabolic rates (daily amounts of transpi-
rated water and daily height increments)
can be monitored in field conditions. Des-
pite the differences between these two
types of measurement, the data can be
analyzed with very similar models.
Transpiration
{ ) mi =
 am - (x i -v i )+bmy i + cm'
where the values of parameters a, b and c
are estimated in nonstressed conditions (cf.
HARI et al. 1975). The degree of control is
measured transpiration rate divided by the
predicted value if no stresses were present
according to the definition.
The daily amounts of transpired water
can be treated with quite similar methods
as the transpiration rate. Let Hmj- denote
the amount of water transpired by the
m:th seedling during the j:th day and PHj
the amount of potential transpiration during
the j:th day. In nonstressed conditions Hmj
can be predicted quite well with the follow-
ing model
(3) Hmj = k m ^PH, .
The daily degree of control of transpira-
tion, CT, is defined analogously to the
control of transpiration rate
TT
fd.~\ CT- — m j
where the value of parameter km is determin-
ed in nonstressed conditions (cf. SMOLANDER
et al. 1975).
Let Xj denote the temperature in the i:th
measurement, Vi the wet temperature, yi
light intensity and hmi the transpiration
rate of the m:th seedling correspondingly.
According to HARI et al. (1975) the difference
between the readings of the wet and dry
thermocouples gives quite an accurate es-
timate of the evaporation rate. The tempe-
rature inside the cuvette rises when it is
closed. This is caused by solar radiation. The
transpiration rate is analyzed with the
following model in nonstressed conditions
(1) hmi = am- (Xi - vO + bmyi + cm,
where a, b and c are plant specific parameters,
the values of which have to be estimated.
If the plant is stressed by the environment,
the degree of the effect of this stress on
transpiration can be estimated using the
degree of the control of transpiration rate,
ct, which is defined as follows
Photosynthesis
Let pmi be the photosynthetic rate in
the i:th IRGA-measurement and y^  the value
of the i:th light measurement. The photo-
synthetic rate pmi is determined in nonstress-
ed conditions by light and temperature, thus
(5) Pmi r Pm(x» Yi).
where p m is a function to be estimated
(cf. HARI et al. 1973 and 1976, SALO 1974
and REED et al. 1976).
The photosynthetic rate decreases in stress
conditions. This is measured by the degree
of the control of photosynthetic rate cpmj
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which is defined as follows (cf. HARI et ai.
1975)
(6) cp r a i - Vmi .
Pm(Xi, Yi)
The daily integrals of photosynthetic rate
are not available, but they can be approxi-
mated from the daily sums of the photo-
synthetic rate. The daily degree of photo-
synthetic control, CP, is defined
ij + i? P m i
(7) CPmi = ^ ,
2 Pm(Xi, Yi)
where ij is the number of the first measure-
ment of the photosynthetic rate during
the j:th day.
Daily height increments
The self regulation of plants has a very
pronounced effect on height growth. It is
an essential feature of growth taking place
in the absence of stress. During the phase
of maximal height growth the height growth
rate is primarly determined by temperature.
Let h denote the dependence of height
growth rate on temperature presented in
Fig. 4 according to HARI et al. 1977. During
the phase of maximal growth the daily
height increment Gmj (m:th seedling, j : th
day) can be analysed with the following
model
!j+l
 6
(8) Gmj = am h(x(t - —)) dt = a ^ ,
where tj is the beginning instant of the j:th
day (cf. HARI 1976). The model defined by
Eq. (8) gives satisfactory results only during
the phase of maximal growth. It gives too
large values for daily height increments at
the beginning and at the end of the growing
period (cf. HARI and LEIKOLA 1974). For
this reason the model has to be developed
Fig. 4. The length increment of Rubus saxatilis
runners as a function of temperature with a time
lag of six hours.
further. In the early summer the rate of
maturation is mainly determined by tem-
perature. During cold days there is hardly
any development at all, but during warm
days the progress is very rapid. This effect
is taken into consideration by means of
the rate of maturation.
Let m denote the rate of maturation. Let
us suppose that m depends on temperature
only
(9) m = m(x).
A new concept, physiological stage of
development, S, is now defined which
describes the stage of development of the
plant using the rate of maturation
t
(10) S(t) = f m(x(t))dt (HARI 1968 and
J 1972, ROBERTSON
*o 1972, SARVAS
1976).
The self regulation of the height growth
of plants can now be introduced into the
model. Let CG denote the effect of self
regulation on height growth. Assume that
CG depends on the physiological stage of
development
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(11) CG - CG (S).
The effect of self regulation on height,
growth CG has to fulfill the following re-
quirements
1. CG = 0 before the onset of growth,
2. 0 < CG < 1 during the phase of in-
creasing growth,
3. CG «a 1 during the phase of maximal
growth,
4. 0 < CG <; 1 during the phase of de-
creasing growth,
5. CG = 0 after the cessation of growth.
The requirements are fulfilled by the
piecewise linear function shown in Fig. 5.
The parameters have the following inter-
pretation
a1 — the level of growth, at the beginn-
ing of the daily height increments,
Sx = the physiological stage of deve-
lopment in which maximum growth
is attained,
S2 = the physiological stage of develop-
ment in which growth starts to
decrease,
Physiological stage of development
Fig. 5. The function CG used in the model.
Sc = the physiological stage of develop-
ment in which growth ceases.
The daily height increments can now be
analysed with the following model
(12) Gmj - CG (Sj) am kj,
where Sj = S(tj) (cf. HARI et al. 1977 and
VUOKKO et al. 1977) and kj is defined in
Eq. (8).
RESULTS
Transpiration
Effect of transplanting on the daily amounts
of transpiration
The seedlings were weighed and watered
once a day in order to control the amount
of water in the pot and to measure the
daily amounts of transpired water. The
daily amounts of transpiration and according
to Eq. (3) computed for each group are
shown in Fig. 6. The effect of transplant-
ing on transpiration is clearly detectable.
The magnitude of the effect of transplanting
is measured by the daily degree of the
control of transpiration, CT (cf. Eq. 4),
which is presented in Figure 7 for the planted
Fig. 6. A. The daily amounts of
transpiration scaled according to
Eq. (3) for control (thick line),
planted (medium line) and exposed
group (thin line).
B. The daily amounts of evapo-
ration from petri dish.
Fig. 7. The daily degrees of control of transpiration,
CT: A. planted group. B. exposed group.
and exposed seedlings for the whole mea-
suring period.
Planting caused a very clear decrease in
the gross level of transpiration. The effect
lasted throughout the whole measuring pe-
riod. The variation between seedlings is,
however, quite pronounced. The degree of
the control of transpiration for seedling
number 5 is about 0.6 — 0.4 at the end of the
monitoring period and for seedling number
7 about 0.3 — 0.5. For seedling number 6
the control of transpiration was increasing
throughout the whole period and GT equalled
0.1—0.2 at the end of the period.
The effect of transplanting and exposure
on transpiration is very clear and regular.
The decrease in the value of CT is more
pronounced and more rapid than that of
the planted seedlings. The stressed seedlings
transpired only 10 — 30 % of the potential
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amount. Subsequently there is some recovery
in transpiration. This effect is most pro-
nounced in seedling number 9. Its GT in-
creases from 0.4 to 0.8. There is also some
recovery in the transpiration of other seed-
lings. Their GT values were about 0.5 by
the end of the monitoring period.
The effect of environmental factors on CT
The pattern followed by CT is very similar
in each treatment group. There is, however,
some systematic effect causing the varia-
tion. The peaks in GT occur simultaneously
in each plant. This fact gives rise to the
question: what factor produces this regula-
rity. There are two possibilities: 1. The
stomata are closed due to the lack of water.
2. There is interaction between temperature
and the self regulation of the seedlings.
These hypotheses were tested with reg-
ression analysis. The control of transpiration
was explained with daily mean temperature,
daily theoretical respiration (HARI and LEI -
KOLA 1974) and with daily evaporation. The
last factor proved to be the most powerful
in explaining the variance in CT. According
to Fig. 8 the variation in GT is very small
when daily evaporation is greater than 15
g dm~2day - 1 .
The daily value of CT is the mean of the
degree of control of the transpiration rate
weighted with the evaporation rate. For this
reason a much more effective way of study-
ing the effect of environmental factors on
the control of transpiration is to study the
relationship between ct and the environ-
ment.
Effect of transplanting on transpiration rate
Transpiration rate was monitored with an
URAS-gas analyzer. However, this is rather
difficult since water easily condenses in the
tubing. Monitoring is reliable only during
periods of fine weather and during the
day time. The model defined by Eq. (1)
explained about 85 — 90 % of the variance
in the transpiration rate in nonstressed
conditions. The difference between the wet
and dry thermocouple readings alone ex-
plained about 80 % of the variance. The
effect of transplanting on the transpiration
rate was studied by means of the degree
of control of transpiration rate (cf. Eq. 2),
ct. In Fig. 9. the daily patterns of measured
and computed transpiration rates and of ct for
exposed seedling number 10 are shown befo-
re transplanting (May 6 and 10) and in
Fig. 10. three weeks after planting out (Ju-
ne 6 and 10). The degree of the control
of transpiration rate is about 0.1 — 0.3 at
noon. It has clearly decreased from the values
reached in the morning. The magnitude of
ct is the same as that obtained earlier on a
daily basis. The accuracy of monitoring is
so low that the effect of environmental
factors on ct cannot be detected.
Fig. 8. Correlation between
CT and daily evaporation:
A. planted seedlings during
the period May 2 —June
20. B. exposed seedlings
during the period May 2 —
June 30.
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Fig. 9. A. Transpiration
rates as measured by
URAS (thick line) and com-
puted according to Eq. (1)
(thin line) for exposed
seedling number 10 May 6
and 10.
B. The degree of control
of transpiration rate.
C. Evaporation rate (diffe-
rence between dry and wet
thermocouple readings)
(thick line), total radiation
(medium line) and tempe-
rature (thin line).
Fig. 10. Same as Fig. 9.
June 6 and 10.
Photosynthesis
Photosynthetic rate of the control plants
The analysis of photosynthetic rate in this
paper was based on the model Eq. (5). The
function p in the model was determined
using the measurements carried out with
three control plants during the period Ju-
ne 2 — 13. During this period temperature
varied between 15 — 25° G at high light inten-
sities (output of ELP being 80-100) and
between 3 — 20° G at low light intensities.
The dependence of the photosynthetic rate
on temperature and the output of the ELP is
shown in Fig. 11. The optimum temperature
near to the maximum output of the ELP
was about 15° C. Photosynthetic rate was
depressed by about 20 % at 25° C compared
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Fig. 11. Photosynthetic rate expressed as a func-
tion of temperature and the output of ELP.
with the optimum. The effect of temperature
on photosynthetic rate was not visible at
low light intensities.
The reliability of the model was tested
with the measurements carried out on the
control plants during the periods May 12 —
June 1 and June 14 — 20. The correla-
tion between the measured and according
to Eq. (5) computed photosynthetic rates
varied between 0.90 — 0.95. The fitness of the
model is demonstrated with plant number
1 in Fig. 12 and 13.
The effect of transplanting on the daily amounts
of net photosynthesis
The previously presented model was used
for predicting the potential photosynthesis
Fig. 12. A. Measured (thick
line) and according to Eq.
(5) (medium line) computed
photosynthetic rates for
control seedling number 1,
during May 12 and 19.
B. Output of ELP (thick
line) and temperature (thin
line).
Fig. 13. Same as Fig. 12,
June 14 and 16.
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of the transplanted trees. The level of the
photosynthetic rate was, however, not the
same in each seedling. It was found to be
dependent on the amount of needles inside
the cuvette, the length of the tubing system
and other factors specific for each cuvette
channel. In this experiment all these factors
could be considered as constant for each
plant throughout the whole measuring period.
Thus the disturbing effect of the varying
gross level of the photosynthetic rate could
be eliminated to a great extent with a new
parameter a, called the level parameter.
Let pmi be the photosynthetic rate of
the m:th plant at the i:th measurement, am
the level parameter for the m:th plant, Xj
temperature and yj light at the i:th measure-
ment. The value of the parameter a is deter-
mined according to the following equation.
(13) Z^Pmi = am Z^p(xi5 yi).
i i
The data for the May 12 was used to
estimate the value of parameter am for each
plant m.
The effect of transplanting on the May
15 on the daily amounts of net photo-
synthesis was examined with CP. According
to the definition Eq. (7) of photosynthetic
control, CP can be considered to be an
approximation for the total net photo-
synthesis of the j:th day divided by the
potential one. Thus in principle the value of
GP directly expresses the decline in the daily
amounts of photosynthesis caused by trans-
planting. This is, however, an underestima-
tion of the effect of transplanting. More
accurate results are gained if the values of
GPji for the transplanted seedlings are
compared with those of the control ones.
The daily means of CP for each treatment
are shown in Fig. 14. After transplanting,
the CP values of the transplanted seedlings
were about half those of the control plants.
The only exceptions from this rule occurred
on a few unusually cold days, for example
on May 21 and June 13 — 14, when the
decreases in the daily amount of photo-
synthesis were not so pronounced. Before
June 20 it was not possible to detect any
remarkable recovery from the shock caused
by the transplanting as evaluated with CP.
The mean values of CP for the transplanted
Fig. 14. A. Means of the daily photosynthetic
controls, CP, of plants in the planted (thick line),
exposed (thin line) and control group (medium
line).
B. The daily maximum temperatures.
and the transplanted and exposed trees
differed only slightly from each other. The
variation was, on the contrary, pronounced
between different seedlings receiving the
same treatment. For example the photo-
synthesis level of tree number 5 of the
planting treatment was little affected; the
values of CP being near to l.o most of the
time (see Fig. 15). However, photosynthesis
Fig. 15. The daily photosynthetic controls (CP).
A. The control seedlings B. The planted seedlings
C. The exposed seedlings.
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of tree number 6 of the same treatment
group was very much depressed by trans-
planting; the value of GP being about
0.2 still on June 20 over a month after
transplanting.
Daily course of variation in the degree of control
of the photosynthetic rate of the transplanted
trees
Photosynthesis was further examined using
the degree of control of photosynthetic rate
cPmi> which expresses the relationship be-
tween the measured and according to Eq.
(5) computed photosynthetic rate at the i:th
IRGA-measurement (Eq. 6). The fitness
between the measured and according to
Eq. (5) computed photosynthetic rates was
fairly satisfactory for the control plants as
demonstrated earlier in Fig. 10 and 11.
Thus cp of the control plants during the
whole day was about 1.0.
On the other hand, the photosynthetic
control cp of the transplanted trees was
less than l.o (see Figs 16, 17 and 18).
However, the value of cp was not constant
throughout the day. The typical pattern of
the degree of photosynthetic control was:
1. In early morning cp = 1, 2. rapid
decrease in the morning from about 7 to
10 a.m., 3. fairly constant value during
the day, 4. increase in the evening. This
pattern, however, changed during exceptio-
nally cold days (for example June 14).
Photosynthetic control on these days was
near to l.o throughout the day (see Fig. 16).
In order to study the daily course of the
variation in CP{ a new parameter was added
to model Eq. (5). This parameter, called the
Fig. 16. A. Measured (thick li-
ne) and according to Eq.(5)
(medium line) and (12) (thin
line) computed photosynthetic
rates for planted seedling num-
ber 5 during May 12 and 19.
B. Output of ELP (thick li-
ne) and temperature (thin li-
ne).
18 6
TIME OF DAY (h)
Fig. 17. Same as Fig. 16. Ex-
posed seedling number 9, May
12 and 19.
TIME OF DAY {hi
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Fig. 18. Same as Fig. 16,
June 9, 14 and 16.
TIME OF DAY (h)
physiological water stress, w, has earlier
been used by HARI and LUUKKANEN (1974)
to explain the variation in the photosynthe-
tic rate of birch trees under water stress.
According to this study there is some interac-
tion between water deficit and temperature.
Let cpmi be, as earlier, the degree of
control of the photosynthetic rate in the
i:th measurement of the m:th plant, Zj the
cuvette temperature at the i:th measure-
ment and wmi the physiological water stress
of the m:th plant during the j:th day. The
interaction between the water deficit and
temperature can be introduced into the
model by assuming that
(14) cpmi - cp (Zi, wmj).
The cuvette temperature was approxi-
mated with the temperature measured in
the shade and the light intensity (HARI and
LUUKKANEN 1973). In Fig. 19, cpmi is
plotted against cuvette temperature. The
effect of temperature on cp seems to be
exponential. Thus cp can be approximated
as follows
exp[ - O.io(Zi - 37 + wmj)],
if ^ ^ 37 - w m j ,(15) cp(zi5 Wmj)=.
1, if Zj < 37 - w m J .
The value of parameter wmj- was esti-
mated from the data for each day by minimi-
zing the following residual sum of squares:
mm ^ (cpmi - cp(zi5 wmi)Y I ,
(16) 1 2
Wmj U—ij J
Fig. 19. Photosynthetic control cp of plant number
9 on May 21 and June 9, 15 and 17 expressed in
the logarthmic scale as a function of cuvette
temperature, z±. The line demonstrates the function
cp (ZJ) used by HARI and LUUKKANEN (1973).
where ij is the ordinal number of the first
measurement of the j : th day.
The photosynthetic rate during planting
shock, proi, can be predicted according to
the following model:
(17) Pmi - CPmi • Pm (*i, Yi)-
The fitness of the model Eq. (17) is demon-
strated in Figures 16,17 and 18. The correla-
tion between the measured and according to
Eq. (17) computed photosynthetic rates in
the transplanted trees was about 0.85. This
was lower than the correlation between the
measured and according to Eq. (5) computed
photosynthetic rates in the control plants.
This fact was probably caused by smaller
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Fig. 20. A. The measured
(thick line) and computed (Eq.
12) (thin line) daily height
increments of control seed-
lings.
B. The daily values of integ-
rals kj (thick line) and the dai-
ly values of CG.
Fig. 21. A. The measured
(thick line) and computed (Eq.
12) (thin line) daily height
increments of planted seed-
lings.
B. Same as A. for exposed
seedlings.
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variation in the photosynthetic rate of the
transplanted trees compared to that of the
control ones.
Height increment
The height increment was measured once
a day. The daily height increments of the
control group were analyzed with the dyna-
mic height growth model (cf. Eq. 12). The
values of the parameters were estimated
with the method of least squares. The values
ax = 0.0 7, sx — s2 = 16.3 and sc = 58.6 were
obtained. The measured and according to
the model computed daily height increments
are shown in Fig. 20 for the control group.
Transplanting may have three different ef-
fects on daily height increments: 1. The
decrease in the gross level of height incre-
ment. 2. Change in the growth rhythm of
the seedlings. 3. Change in the dependence
of growth on temperature. The last two
effects can be studied by constructing a
model in which the value of the level para-
meter is estimated from the measurements
carried out after planting and the effect of
growth rhythm (i.e. CG) is the same as for
the control group. The dependence of the
growth rate on temperature is the same as
in the control group. The daily height in-
crements were analyzed using the above
approach. The value of the level parameter
was estimated from the increment values
during the period June 1 — June 25. The
measured and according to the model com-
puted daily increments are shown in Fig.
21 for the whole measuring period. The
fitness of the model for the transplanted
plants is rather satisfactory except for a few
days after planting. The effect of treatments
is more pronounced in the exposed seed-
lings than in the transplanted ones.
DISCUSSION
The continuous monitoring of the principle
metabolicprocesses, photosynthesis and trans-
piration, and height increment, under natural
conditions offers an opportunity to study
the nature of planting shock. The main
principle involved in the measuring technique
was the monitoring of the relevant external
conditions and simultaneously the principal
processes. The height increment of the leader
shoot and the total transpiration were moni-
tored daily, photosynthetic and transpiration
rate every twenty minutes. As all these
measurements were nondestructive they
could be carried out with the same seedlings
throughout the whole experimental period.
This kind of measuring technique is well
suited to the study of the metabolic proces-
ses, their dependence on environmental
conditions and functional changes caused by
transplanting. The measurements can be
easily automated thus permitting continuous
monitoring.
The present experiment was carried out
under natural conditions. The plastic shelter
protected the seedlings against rain and the
seedlings were grown in clay pots covered
with plastic bags. For these reasons the
temperature of the air under the shelter
was a few centigrades higher than that of
the surrounding air on sunny days, and the
soil inside the pots was clearly warmer than
the soil in normal planting sites. To some
extent the pot also restricted the growing
space of the roots, and the plastic bag
restricted the diffusion of oxygen into the
soil.
The gas exchange measurements were car-
ried out with an automatically operating
measurement system, pneumatically operat-
ing cuvettes, tubing system, etc. Continuous
checking of the operation of the system was
essential for reliable measurements. Light-
ning constituted a potential danger for the
electrical equipment. To avoid damage the
equipment was switched off during thunder-
storms. The measurement of the transpira-
tion rate with H2O-URAS was rather diffi-
cult owing to water condensation inside the
cuvettes and the tubing system. This hap-
pened especially in the morning and on
rainy days.
By replacing the nylon tubes with copper
ones the disturbing effect of this phenomen
could be diminished. However, when the
transpiration rate was analyzed much of
the data had to be rejected. It was thus im-
possible to carry out a thorough comparison
of the daily patterns of the transpiration
and photosynthetic rates. The daily total
transpiration was monitored by weighing the
pots every morning. At the same time the
height increment was measured using a
vernier scale. Both these methods are simple
and do not require any additional equip-
ment.
The analysis of photosynthesis was based
on the dependence of the photosynthetic rate
on light and temperature. This function
(Eq. 5) was obtained from the measurements
carried out with the control plants. The
result illustrated in Fig. 11, is not complete
because of the limited variation in light and
temperature during the measuring period.
It does show, however, the fairly small
effect of temperature on photosynthetic
rate compared to that of light. The effect
of temperature on the photosynthetic rate
was not visible at low light intensities. At
high light intensities the optimum tempera-
ture was about 15° C. These results corres-
pond fairly well with earlier observations
on the dependence of photosynthetic rate
on temperature and light in Scots pine
(HAVAS 1971, ZELAWSKI et al. 1973, PEL-
KONEN 1977). The correlation between the
measured and according to Eq. (5) computed
photosynthetic rates was about 0.90 — 0.95.
The above model was used for analyzing
the photosynthesis of the planted trees.
This gave an estimate for the value of the
level parameter for each plant. The measure-
ments taken before transplanting had to be
used for this estimation. The data availab-
le for this purpose was restricted to the
measurements carried out on one day
(May 12.) The reliability of the results
was to a great extent dependent on the
reliability of the data collected on May
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12. During the day in question the pho-
tosynthetic rate of each plant was moni-
tored about 30 times. This was enough
to check the suitability of the above men-
tioned model (Eq. 5) and thus obtain in-
formation about the reliability of the data
for the day. The correlation between mea-
sured and according to Eq. (5) computed
photosynthetic rates were in each plant
over 0.90. The estimation of the level para-
meter can thus be considered as satisfactory.
The variation in transpiration, photo-
synthesis and growth is very pronounced
from one measurement period to another.
This is mainly caused by variations in envi-
ronmental conditions. Especially in the
spring the variation in the main environ-
mental factors, temperature, light intensity
and evaporation rate is great. This is ref-
lected in the measurements (cf. Figs. 6, 12
and 20). The great variation makes the
interpretation of the results difficult. When
studying the photosynthesis and transpira-
tion measurements, the question arises: to
what extent are the metabolic processes
reduced? In order to answer this the various
degrees of control are defined. By definition
CP, cp, CT, ct and CG are the proportions
between the measured values and the ex-
pected ones computed from pure environ-
mental factors. Ecological interpretation
of the different types of degree of control
is very clear. In addition they are quite
easy to measure and compute. The effect
of different kinds of stress on gas metabolism
is as a rule studied using so called stomatal
resistance. Its physiological background is
clear but the ecological interpretation is
difficult. The measurement of stomatal re-
sistance is very difficult to automate. For
this reason it is difficult to arrange a long
monitoring period for the stomatal resistance
of a seedling.
In practical forestry the planting shock is
the sum effect caused by exposure during
transportation and planting. The experi-
mental seedlings were larger than those
commonly used in regeneration work. For
this reason planting could produce a stronger
and longer-lasting planting shock. On the
other hand, the nature of the shock should
be rather independent of the size of the
experimental plants. The measuring accur-
acy was improved by the large seedlings
especially in the weighing of daily amounts
of transpiration. The limited number, only
eleven, of seedlings makes it difficult to
make generalizations about the results.
According to our observations, planting
can have a very pronounced and long lasting
effect on the metabolism of a seedling. The
daily amounts of transpiration were reduced
in a few days to 40 % of the potential
transpiration. The daily total amounts of
photosynthesis were decreased to 50 % of
the potential value. The variation between
the seedlings was, however, great in both
transpiration and photosynthesis. One reason
for this great variance may be the differences
in the size and density of the root systems.
Exposure caused, especially a few days
after treatment, a more rapid decrease in
the daily amounts of transpiration than
planting. Transpiration was then about 25 %
of the potential amount. The decrease in
photosynthesis was of the same magnitude.
Exposure has to be considered as quite a
severe treatment, since the seedlings lost
about 18 % of their fresh weight during
exposure. Many investigators, for example
GÜRTH (1970) and v. LÜPKE (1972) have
discovered that a 15 % loss of weight is
dangerous to Norway spruce and LÄNG-
STRÖM (1971) has noticed that a 12 % loss
of weight resulted in a storage experiment
decrease of 35 % in the survival rate of
Scots pine. Despite this fact there were
only slight differences in the mean values of
CT and CP between the treatments. More
replications are needed to obtain a reliable
estimate of the effect of exposure on CT and
CP, because the variance between the
seedlings is so large.
The effect of planting shock proved to last
for a longer time than expected. There was
no sign of recovery in photosynthesis when
the monitoring of the photosynthetic rate
was finished on 20th June. However, there
was some recovery in transpiration five
weeks after planting. The degree of control
of transpiration for the seedling which show-
ed the most rapid recovery, rose in two weeks
from 0.4 to 0.8. The recovery in other seed-
lings was not so clear and was not dectec-
table at all in the planted seedlings. Recovery
occurs at the same time as the cessation of
height increment and the maximal growth
of needles. The rapid growth of roots starts
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after the cessation of height increment
according to HOFFMAN (1973), TRANQUIL-
LINI (1973) and HAVRANEK (1975) have
found that the recovery of water balance
is connected with the degree of root regenera-
tion. This connection between the different
growth phenomen may possible affect the
timing of the recovery. The continuous
monitoring of root growth is necessary in
order to obtain reliable results about the
nature of the recovery of the seedlings.
Occasionally there are many problems invol-
ved in the nondestructive monitoring of root
growth (cf. SUTTON 1969, SAFFORD 1976).
The recovery of water balance makes the
recovery of photosynthesis possible. In the
present experiment there was a drastic
decrease in photosynthesis and no recovery
after five weeks. The loss in the amount of
fixed CO2 is a natural explanation for the
decrease in growth after planting. If the
planting shock is decreased or if its duration
can be shortened the possibilities for normal
development of the seedling are essentially
improved.
The daily values of CT and CP depend,
besides on the planting shock, on the weather
conditions. DENMEAD and SHAW (1962) have
explained the variation in the daily relative
transpiration, GT, during drought with
the daily amounts of evaporation. It also
proved to be the most powerful environ-
mental factor in explaining the variance of
CT. The variation in CT was quite small
when the evaporation was over 15 g dm"2
day"1. As there were only a few observations
under this limit it is difficult to draw
any clear conclusions about the nature of
the mechanism behind the variation in
CT. The effect of environment on self regula-
tion is most effectively studied at the rate
level. Thus the dependence of ct on environ-
mental factors should be determined. As
there are many problems involved in moni-
toring the transpiration rate in field condi-
tions, the measurements of transpiration
rate are often not reliable, especially during
rainy periods and early in the morning. This
generates complications in determining the
dependence of ct on environmental factors.
More representative data is needed for this
purpose.
There is strong interaction between the
effect of temperature and water deficit in
photosynthesis (cf. HARI and LUUKKANEN
1975). This interaction makes accurate study
of the dependence of CP on environmental
factors quite complicated. This trouble is
avoided if the dependence of cp on environ-
mental factors is studied instead. HARI and
LUUKKANEN (1975) have presented a model
for the interaction between the effect of
water stress and temperature on photo-
synthesis. The essential feature of this model
is that photosynthesis becomes sensitive
to elevated temperatures. The threshold
value of temperature above which photo-
synthesis is depressed is quite a good esti-
mate of the severeness of the water deficit.
In the present study the same model was
applied as that during drought by HARI
and LUUKKANEN (1975). The fitness between
the measured and observed values was
quite satisfactory (cf. Figs. 16-18). The
threshold temperature above which photosyn-
thesis is depressed is quite a good estimate
of the degree of planting shock, but for
its estimation temperatures above the thres-
hold are needed. The variation in tempera-
ture is so small during overcast weather
that the estimation of the threshold value
from the data is impossible for several days.
The daily degree of the control of photo-
synthesis, CP, gives the essential information
about the changes in the amount of carbo-
hydrates stored during the day. The inter-
pretation of the results is, however, very
difficult without knowing the change in the
dependence of photosynthetic rate on tem-
perature. This change may confuse the
results in an experiment in a controlled
environment with constant temperature. If
the relationship between ct, cp and, on the
other hand, environmental factors is known
exactly, then the ecological importance of a
particular treatment could be studied using
daily amounts of transpired water. This
enables a large number of treatments and
replications to be used without increasing
the work load.
The daily height increments of the cont-
rol plants were determined to a great extent
by temperature and self regulation. This
result supports earlier results (cf. HARI and
LEIKOLA 1974). The height increments of
the planted and exposed seedlings also
followed a very regular pattern after treat-
ment. Despite the possible decrease in the
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gross level there was no effect on the daily
height increments. Thus in a few days the
self regulation of the seedling could adjust
to height increment within reduced limits.
It can be concluded from Figs. 20 and 21
that the dependence of the height increment
of temperature and self regulation is not
essentially effected by planting.
In field experiments the height increment
during a growing season is normally mea-
sured. It is the integral of height growth
over the summer. From the methodological
point of view it is more effective if the time
derivatives, i.e. the rates of the corresponding
processes are studied instead. Only at the
level of the derivatives is it possible to divide
the effects regulating the metabolic processes
into two components: that dependent on
the environmental conditions and that
dependent on the self regulation. By stu-
dying these components simultaneously there
is an opportunity to analyse in detail the
effect of the planting shock and the envi-
ronmental changes. The final results can
be obtained by integration. The self regula-
tion of plants can be taken into considera-
tion in the integration with the different
degrees of control.
The present study approach seems to be
applicable to research into planting shock,
if the number of the seedlings is rather
limited and if the complex interactions
which occur in practical planting are omitted.
The whole complex of different stresses is
under study using a further developed met-
hod on the guide lines of the present paper.
It is evident that research can be extended
to consider most of the essential features of
planting such as genetical aspects, (LEDIG
1973), the state of seedling dormancy (PEL-
KONEN 1977) and hardiness to match the
season. On the basis of understanding the
actions of plants the seedling material can
be improved. The research should be ex-
tended in a more physiological direction in
order to more deeply understand the mech-
anisms of the self regulation of transpiration,
photosynthesis and growth.
SUMMARY
In the experiment pine seedlings were
transplanted out in the field and, in additi-
on, exposed. The effect of these treatments
on gas metabolism and daily height in-
crement were examined. The seedlings were
5-year old Scots pine plants growing in
clay pots, covered with plastic bags. The
transpiration and photosynthetic rates were
monitored with the so-called open IRGA-
measuring system for a few days before
being subjected to the treatments and for
one month after. In addition, the daily
amounts of transpired water and daily
height increments were measured.
In the first step of the data analysis a
model for the potential rate of each meta-
bolic process was constructed. The indepen-
dent variables used in the model are the
external factors specific to the various pro-
cesses and self regulation of the seedling.
The effect of the different treatments on
self regulation is examined in the second
step of the analysis.
Planting and additional exposure have a
strong and rather permanent effect on the
self regulation of each of the processes under
study. This effect is very similar to that
caused by water deficit. Exposure makes the
disturbance more pronounced. Transpiration
of the transplanted seedlings decreased in
a few days after planting to less than half
of the potential value and that of the ex-
posed ones decreased to a quarter of the
potential value. The daily amounts of pho-
tosynthesis decreased to half of the poten-
tial value. There was no recovery in photo-
synthesis during the whole monitoring pe-
riod, which lasted for four weeks. There
was a slight recovery in transpiration about
five weeks after transplanting. Thus the
treatment probably generated stress con-
ditions throughout the whole growing pe-
riod, which is characterized by strong self
regulation of photosynthesis and transpira-
tion, thus causing an essential decrease in
the total amount of CO2 fixed. The effect
of environment on the self regulation was
very clearly evident in photosynthesis,
which was depressed especially at elevated
temperatures after planting, as during water
deficit.
Planting and additional exposure did not
produce any detectable changes in the de-
pendence of the growth rate on temperature
or in the effect of self regulation on height
growth. On the other hand the level of
growth was decreased as a result of planting
out. This effect will be subjected to a de-
tailed analysis in later studies.
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Seloste:
ISTUTUSSHOKIN VAIKUTUS MÄNNYNTAIMIEN TRANSPIRAATIOON, FOTOSYNTEE-
SIIN JA PITUUSKASVUUN
Tutkimuksessa tarkastellaan, miten istutus sekä
sen yhteydessä tapahtuva juurten kuivuminen
vaikuttavat paljasjuuristen männyntaimien elin-
toimintoihin: transpiraatioon, fotosynteesiin ja pi-
tuuskasvuun. Koemateriaalina käytettiin viisivuo-
tiaita ruukkuun istutettuja männyntaimia, joiden
fotosynteesi ja transpiraationopeutta seurattiin
luonnonolosuhteissa avoimella IRGA-systeemillä
ennen istutusta ja istutuksen jälkeen noin kuu-
kauden ajan. Lisäksi taimista mitattiin päivittäi-
set pituuskasvut ja haihdunnat.
Aineiston analyysivaiheessa on ensin kehitetty
kunkin elintoiminnon potentiaaliselle nopeudelle
matemaattinen malli, jossa selittäjinä ovat kunkin
prosessin kannalta olennaisimmat ympäristötekijät
ja itsesäätely. Tämän jälkeen on tarkasteltu miten
istutusshokki vaikuttaa itsesäätelyyn, eli ts. miten
havaittu transpiraatio, fotosynteesi ja kasvu poik-
keavat ennustemallin mukaan lasketusta.
Tutkimuksen tulokset osoittavat, että istutus
aiheuttaa voimakkaan, ja hyvin pitkäaikaisen ve-
denvajauksen, ja että istutuksen yhteydessä ta-
pahtuva juurten kuivuminen voimistaa tätä stres-
riä. Istutettujen taimien haihdunta aleni muuta-
massa päivässä istutuksen jälkeen alle puoleen
potentiaalisesta, ja kuivatuskäsittelyn saaneiden
taimien haihdunta puolestaan aleni noin neljänteen
osaan potentiaalisesta. Fotosynteesi aleni molem-
missa ryhmissä noin puoleen. Vasta viiden vii-
kon päästä havaittiin kolmen taimen haihdun-
nassa elpymistä, joten istutusshokki aiheutti
ilmeisesti taimille koko kasvukauden kestävän
rasitustilan, jolle on tyypillistä voimakas transpi-
raation ja fotosynteesin itsesäätely. Tämä mer-
kitsee kasvukauden kokonaisfotosynteesin huo-
mattavaa vähentymistä.
Tutkimuksessa tarkastellaan myös ympäristö-
tekijöiden vaikutusta transpiraatioon ja fotosyn-
teesin itsesäätelyyn istutusshokin aikana. Erityi-
sen selvästi tuli esille korkeiden lämpötilojen foto-
synteesin itsesäätelyä lisäävä vaikutus istutus-
shokin aikana.
Pituuskasvun lämpötilariippuvuudessa ja kasvu-
rytmissä ei havaittu istutusshokin aiheuttamia
muutoksia, lukuunottamatta muutamaa istutuk-
sen jälkeistä päivää. Sensijaan kasvun taso ilmei-
sesti laskee istutusshokin takia. Tätä kasvun tason
alenemista tullaan käsittelemään projektin myö-
hemmissä töissä.
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